Protein primary structure is a potential critical quality attribute for biotherapeutics. Identifying and characterizing any sequence variants present is essential for product development. A sequence variant 11 kDa larger than the expected IgG mass was observed by size-exclusion chromatography and twodimensional liquid chromatography coupled with online mass spectrometry. Further characterization indicated that the 11 kDa was added to the heavy chain (HC) Fc domain. Despite the relatively large mass addition, only one unknown peptide was detected by peptide mapping. To decipher the sequence, the transcriptome of the manufacturing cell line was characterized by Illumina RNA-seq. Transcriptome reconstruction detected an aberrant fusion transcript, where the light chain (LC) constant domain sequence was fused to the 3ʹ end of the HC transcript. Translation of this fusion transcript generated an extended peptide sequence at the HC C-terminus corresponding to the observed 11 kDa mass addition. Nanopore-based genome sequencing showed multiple copies of the plasmid had integrated in tandem with one copy missing the 5ʹ end of the plasmid, deleting the LC variable domain. The fusion transcript was due to read-through of the HC terminator sequence into the adjacent partial LC gene and an unexpected splicing event between a cryptic splice-donor site at the 3ʹ end of the HC and the splice acceptor site at the 5ʹ end of the LC constant domain. Our study demonstrates that combining protein physicochemical characterization with genomic and transcriptomic analysis of the manufacturing cell line greatly improves the identification of sequence variants and understanding of the underlying molecular mechanisms.
Introduction
Therapeutic glycoproteins such as monoclonal antibodies (mAbs) are produced in mammalian cell production platforms, such as those based on Chinese hamster ovary (CHO) cell lines, which inherently generate product heterogeneity. Pharmaceutical drug product characterization is a regulatory requirement that ensures consistent drug product quality between manufacturing batches. 1 Critical quality attributes (CQAs) of therapeutic proteins are product attributes that affect the biological activity, pharmacokinetics, immunogenicity, or safety of the product. 2 Primary structure variants, including single amino acid substitutions and extensions or truncations of the amino acid sequence, are potential CQAs of therapeutic proteins. Sequence variants produced by either genomic mutations or misincorporation during translation have been reported for therapeutic protein products. [3] [4] [5] [6] [7] [8] Variants can be introduced into the encoding gene sequences during vector propagation in bacteria prior to transfection or may result from errors in DNA replication in the production cell line once the vector has been incorporated. For example, a point mutation in a single cell may lead to a sub-population of the production cell line that expresses a single nucleotide variant (SNV), resulting in a percentage of the final drug product carrying a single amino acid substitution. 9 Not all SNVs lead to amino acid substitutions. Silent mutations, in which the mutated DNA encodes the same original amino acid, do not directly alter the protein sequence, but they can affect transcript stability, protein folding, 10, 11 and mRNA splicing. 12 SNVs within a stop codon can cause an extension product. 7 Single amino acid substitutions can also be produced from mis-priming tRNA caused by amino acid depletion in the culture medium. 3 Most single amino acid substitutions can be identified by peptide mapping using liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS). 8, 13 The recent advancements in peak detection capability using high-end mass spectrometers and informatic tools have proven useful in detecting single amino acid CONTACT Jihong Wang, PhD wangjh@vielabio.com Analytical Sciences, Viela Bio, One MedImmune Way, Gaithersburg, MD 20878, USA; Diane Hatton, PhD diane.hatton@astrazeneca.com Biopharmaceutical Development, BioPharmaceuticals R&D, AstraZeneca, Cambridge CB21 6GH, UK *These authors contributed equally to this work substitutions at a sensitivity of >0.001%. 3 However, data from LC-MS/MS should be carefully examined and verified by orthogonal methods due to prevalent false positive results. 14 Beyond SNVs, DNA deletions or insertions can cause a frame-shift leading to an altered amino acid sequence, 5 or a premature stop codon and the formation of a truncated product. Largerscale genomic recombination events can produce extension products, including molecules in which entire domains were added. 13, 15 Primary structure variants can also be caused by missplicing of introns present in the transgene. These non-coding components can be included in the transgene structure to increase the level of protein expression. [16] [17] [18] However, this advantage comes with a risk of mis-splicing if alternative splice donor and acceptor sites are used during transcript processing, or of intron retention in the mature transcript if an intron is not correctly spliced. 19, 20 Such incorrect transcript processing can generate altered amino acid sequences or truncated products. Splice variants are identified only in the sequence of the mature transcript, with no trace in the corresponding genomic sequence, and therefore are more challenging to detect.
When protein sequence variants are present at a relatively high level, they can be detected by intact mass analysis or peptide mapping UV profile comparison. The sequence variants can be further characterized by de novo sequencing using tandem mass spectrometry (MS/MS). However, de novo sequencing from single enzyme peptide mapping data poses challenges, especially for large unknown sequence variants, due to the great number of possible fragment ion assignments and less than 100% sequence coverage resulting from incomplete fragmentation. Hence, a proteomic approach such as multi-enzyme digestion is essential for de novo sequencing analyses. 6, 19 In addition, peptide mapping methods alone are usually not sufficient to identify low-level sequence variants (<1%) other than single amino acid substitutions. Even though low-level sequence variants can be enriched by chromatography approaches, such as size exclusion, 5,15 ion exchange, 21 or reversed-phase 20 chromatography, it is still time-consuming and resource-intensive to enrich enough material for multi-enzyme de novo sequencing. The lack of peak identification and annotation is a limiting factor for proteomics experiments that can be overcome by proteogenomics, a new field that is based on the use of high-throughput data from different sources as part of an iterative refinement process of gene models. [22] [23] [24] Nucleotide sequencing technologies offer a complementary approach to identify variants encoded in genes or mature transcripts. In particular, high-throughput sequencing (HTS) is a powerful tool able to overcome the limitation of sensitivity typical of the traditional Sanger sequencing of reverse transcription-polymerase chain reaction (RT-PCR) product variants. 25, 26 Several methods based on HTS can be used to characterize genomes and transcriptomes. 25 The extra information gathered from these analyses defines a more comprehensive search space for MS/MS identification. 27 Strategies using an orthogonal approach for sequence variants detection have evolved as reported recently by Lin et al. 28 Here, we report the discovery, identification, and characterization of an 11 kDa Fc C-terminal extension sequence variant of a recombinant IgG1 mAb (mAb-A) from a CHO manufacturing cell line by using a combination of MS methods and HTS. Intact mass analysis and peptide mapping were used to deduce that the 11 kDa increase in molecular mass resulted from an addition to the heavy chain Fc. The identity of the Fc C-terminal extension as light chain constant domain sequence was enabled by using HTS to assess the transcriptome of the manufacturing cell line, which detected an aberrant heavy chain transcript with the light chain constant domain sequence fused at the 3ʹ end. Furthermore, nanopore long-read genomic sequencing highlighted that the aberrant fusion transcript originated from cryptic splicing of a transcript derived from an unexpected partially deleted copy of the plasmid. This study emphasizes the power of integrating product physicochemical characterization data with cell line omics data to understand therapeutic protein sequence variants and to define screening strategies for cell lines with improved product quality profiles.
Results

2D-LC/MS and HPSEC fractionation reveal protein sequence variants
During early process development and product characterization, mAb-A showed a front shoulder on the high-performance sizeexclusion chromatography (HPSEC) main peak ( Figure 1a ). Species eluting in this front shoulder peak were trapped online, desalted, and transferred for mass measurement using twodimensional SEC and reversed-phase liquid chromatography coupled with online MS (2D (SEC/RP)-LC-MS) setup. The deconvoluted mass showed the front shoulder peak contained a mass 11340 Da higher than the monomer (Supplementary Figure S1 ). To further characterize the size variant species under the shoulder, mAb-A was fractionated using preparative HPSEC. An enriched fraction containing 80% of the front shoulder was obtained (as shown in Figure 1b ), which was used for extensive characterization.
The HPSEC fractions were analyzed by intact mass ( In non-reducing intact mass analysis, the monomer fraction only contained the expected monomer mass 145955 Da (Figure 2a ). In comparison, the front shoulder fraction contained an additional species with mass of 157290 Da, which is 11335 Da higher than the expected monomer mass (Figure 2d ). In reducing intact mass analysis, the monomer and shoulder fractions contained the same mass for the light chain ( Figure 2b-e ), whereas an additional species with a mass of 61340 Da was observed in the shoulder fraction for the heavy chain ( Figure 2f ), which is 11218 Da higher than expected ( Figure 2c ). The difference in mass addition measured under non-reducing and reducing conditions is 117 Da (11335 Da -11218 Da), which is consistent with the loss of a cysteine adduct and opening of a disulfide bond after reduction. Therefore, the intact mass analysis results indicated that the product variant had 11218 Da added to the heavy chain and contained a disulfide bond linked cysteine adduct. To verify this finding, an orthogonal size variant characterization method, CE-SDS, was used to analyze the fractions. Consistent with the intact mass analysis, the shoulder fraction contained a major size variant peak that migrated later than the intact monomer peak in non-reducing CE-SDS at 30 min (Figure 3a -c). Similarly, a variant peak migrating later than the heavy chain peak at 22 min was observed by reducing CE-SDS (Figure 3b-d ). Together these results confirmed that the extra 11 kDa mass is an addition to one of the heavy chains. Theoretically, a variant with an additional 11 kDa mass on both heavy chains could also be present. However, the level of the antibody variant with the extension on a single heavy chain was already very low (~0.5%), so the occurrence of antibody variant with the addition on both heavy chains would be even lower and possibly not detectable by intact mass and non-reducing CE-SDS ( Figures  2d and 3c ).
Subunit mass analysis after IdeS digestion was performed to determine whether the 11 kDa sequence variant was added to heavy chain Fd or Fc domain. IdeS digests IgG1 below the hinge region, resulting in a F(ab') 2 and Fc'/2 fragments that can be separated by reversed-phase liquid chromatography ( Figure 4a ), and then characterized by online MS. Figure 4b ,c shows the subunit mass analysis of IdeS-digested shoulder fraction. The first small peak in Figure 4a corresponded to Fc'/2 and the second small peak to Fc'/2 with the 11 kDa addition. The large peak corresponded to F(ab') 2 domain and partially digested mAb (missing one but not both Fc'/2). There is no additional mass added to the F(ab') 2 domain, and the results showed the 11 kDa is added to one of the Fc'/2 fragments.
Reducing Lys-C peptide mapping was performed to identify the peptide sequence corresponding to the 11 kDa variant. Figure 5 compares the peptide map UV profiles of the shoulder and monomer fractions. Two new peaks were observed in the shoulder fraction. The peak at 28.5 min corresponded to an oxidized Met-428 containing peptide, which was enriched in the HPSEC front shoulder peak. The other new peak at 23.4 min had a detected mass of 1012.59 Da. This mass cannot be assigned to any mAb-A peptide fragment. In addition, when peak heights were compared, the two peptides that had significant higher intensity in the shoulder fraction (peak a and b in Figure 5 ) were both from the light chain constant region. This result suggested that the 11 kDa variant may contain extra light chain sequence.
It has been reported that extra light chain may be added to the intact mAb through disulfide bonds, leading to a size variant. 29, 30 However, this is not the explanation here because 1) the addition of an extra light chain would add a mass over 20 kDa, and 2) extra disulfide bond-linked light chain would not register as an extra peak in either CE-SDS or intact mass analysis after reduction. Our data showed that the 11 kDa variant is covalently linked to the heavy chain Fc domain. Additionally, a simple mutation in the stop codon can also be ruled out because the peptide containing the heavy chain C-terminal lysine is barely detected in either fraction. If the 11 kDa was an extension of the C-terminus of the heavy chain, caused by a mutation in the stop codon, the levels of peptide containing this lysine residue would be much higher in the HPSEC shoulder fraction. The protein physicochemical analysis described above did not unambiguously elucidate the structure of the sequence variant. A complementary approach was thus used to investigate variants encoded at the nucleic acid level by the manufacturing cell line. However, standard Sanger sequencing of RT-PCR products using primers to amplify the entire heavy chain transcript did not detect any sequence variants. Therefore, more sensitive and data-rich HTS characterization was used to analyze both the transcriptome and the genome of the manufacturing cell line.
The de novo assembly of RNA-seq reads identified a heavy chain fusion transcript with 122 additional nucleotides at its 3ʹ and unmappable in contiguity onto the expression plasmid (soft masked) used to generate the cell line. This fusion transcript sequence was aligned to the reference plasmid and shown to match the 5ʹ end of the constant domain sequence of the light chain ( Figure 6a ). The sequence of the protein product of the fusion transcript was inferred by extending and translating its sequence up to the end of the light chain constant domain. This produced an extra 105 amino acids at the C-terminus of the heavy chain, as shown in Supplementary Figure S2a ,b, in agreement with the 11218 Da mass increase detected by reducing intact mass analysis. The sequence of the heavy chain-light chain constant domain fusion transcript was confirmed by RT-PCR sequencing using a cDNA template derived from the manufacturing cell line with primers that bind to the CH3 domain of the heavy chain, and the polyA sequence of the light chain. This new fusion transcript, and the canonical mAb-A heavy chain and light chain were added to the CHO-K1 transcriptome, and the expression level of the heavy chain fusion transcript was found to be 0.4% of the amount of the canonical heavy chain transcript (11.2 transcripts per million (TPM) VS 2558.9 TPM, Supplementary Figure S3 ).
The fusion transcript could have been produced from a genomic recombination event, splicing of the RNA, or a combination of both. Inspecting the genomic sequencing data provided by the MinION nanopore sequencer showed that multiple copies of the plasmid had integrated into the genome in tandem. There was no evidence of a recombination event where the heavy and light chain sequences found in the fusion transcript were found adjacent to each other in the encoding DNA. However, in one situation a partial copy of the plasmid had integrated, leading to the light chain constant sequence being closer to the end of the heavy chain than would occur if the whole plasmid copy had been integrated (Figure 6b) . A splice site prediction tool 31 identified a possible cryptic donor site at the end of the heavy chain. This could pair with the splice acceptor site of the downstream light chain constant domain and splice out the heavy chain gene polyA and 3ʹ vector backbone, creating the fusion product between the heavy chain and light chain constant sequences (Figure 6c ). As the additional sequence is part of the mAb-A light chain, this meant there was only one unique peptide for this fusion protein, which was at the junction between the heavy and light chains; SLSLSPGQPK as shown in Supplementary Figure S2b .
The unique signature peptide SLSLSPGQPK has a theoretical mass of 1012.56 Da. This mass matched the detected mass of the unknown peak in the shoulder fraction ( Figures 5-7a,b) . The tandem mass analysis of this peak further verified the peptide sequence (Figure 7c ). In addition, the non-reducing peptide mapping analysis confirmed the cysteine adduct and one additional disulfide bond in the extension peptide. The UV chromatograms of non-reducing Lys-C peptide mapping with all peaks related to the 11 kDa extension labeled are shown in Supplementary Figure S4 , and the peptides listed in Table S1 .
Discussion
An Fc C-terminal extension sequence variant in mAb-A was first discovered as a shoulder peak to the front of HPSEC monomer peak. Quantitation by HPSEC showed that the front shoulder comprised less than 0.5% of the monomer, which was insufficient for detection by intact mass analysis, as described previously for other Fc extensions. 20 The mass of the unknown species was determined by 2D-(SEC/RP) LC/MS to be~11 kDa higher than the expected mass of the IgG. The front shoulder was then enriched by HPSEC fractionation for in-depth characterization. Intact mass analysis of the enriched shoulder peak provided an accurate mass of the variant and revealed that the additional 11 kDa molecular mass was part of the Fc domain. Due to the size of the variant (11 kDa larger), de novo sequencing using peptide mapping to further interrogate the sequence variant would require a large quantity of enriched material, as well as multiple digestions with different enzymes. Therefore, we opted for HTS genome and transcriptome analysis of the manufacturing cell line as an approach to decipher RNA and DNA sequences that could encode the variant.
The RNA-seq analysis detected a fusion transcript where sequence from the constant domain of the light chain was added to the 3ʹ end of the heavy chain. The presence of the complete light constant domain coding sequence at the end of the heavy chain in a fusion transcript was confirmed by RT-PCR sequence analysis. The molecular mass of the translated light chain constant domain sequence matched the extra 11 kDa detected for the Fc extension variant. Furthermore, as the additional sequence is the same as the constant domain of mAb-A's light chain, we observed the corresponding light chain-related peak intensity differences in the peptide mapping with only one unique peak corresponding to the peptide fragment at the junction of the heavy chain and light chain. Unlike a single amino acid substitution, this type of sequence variant was challenging to identify from MS analysis alone and required the insights provided by the additional data from HTS to infer the variant sequence.
We demonstrated that analyzing the transcriptome, and understanding the integrated plasmid structure and consequent transcript cryptic splicing events were complementary to LC-MS and essential for sequence variant identification and confirmation. In particular, the de novo reconstruction analysis of the transcriptome revealed a fusion transcript encoding the variant, highlighting the high sensitivity of this method. 32 We were indeed able to identify a non-annotated splice variant simply from the sequenced reads and without a priori knowledge of the reference transcriptome and genome. Quantification analysis identified the fusion transcript to be 0.4% of the canonical heavy chain transcript. Genomic sequencing using the MinION indicated the integration of a partial copy of the expression vector leading to the unexpected positioning of a light chain constant domain downstream of a copy of the heavy chain gene. This genomic structure provides an explanation of the heavy chain extension variant originating from cryptic splicing of an extended heavy chain transcript reading through into the downstream light chain constant domain. Analysis using PCR on genomic DNA confirmed the presence of the incomplete copy of the expression vector, but no evidence of a smaller product that would be present if the fusion sequence was found in the genomic DNA, confirming the fusion transcript was produced from mis-splicing.
C-terminal heavy chain extensions using the same cryptic donor site at the end of the CH3 domain have been reported by others. 6, 19, 20 Whilst in all three of these reported studies the additional sequences were derived from non-coding sequences present downstream of the heavy chain in the respective expression vectors, we report the addition of a whole light chain constant domain. It is also notable that in our study, the proposed mis-splicing event was due to the integration of a partial copy of the expression vector, which, for this reason, was not detectable by using a splice site prediction tool on the expression vector sequence and, hence, more challenging to identify.
MAb-A's manufacturing cell line was constructed by random integration of linearized mAb-A expression plasmid into the CHO genome and screening for highly productive clones in which it is hypothesized that copies of the expression plasmid were integrated into transcriptionally active chromatin regions. Recombinant cell lines constructed by random integration can contain multiple copies of the plasmid, and, during the plasmid integration process or subsequent cell division, copies of the plasmid can be rearranged or partially deleted. 6 Examples of partially deleted plasmid sequences in the genomes of CHO stable cell lines have previously been characterized by Southern blotting 33 and by HTS. 34 Suggested mechanisms for these partial plasmid deletions include pre-integration shearing of the plasmid during the transfection or endonuclease digestion on entry into the cell, as well as post-integration chromosomal rearrangements. Advances in cell engineering methods, using site-specific recombinases 35 or CRISPR-Cas9 systems, 36 have enabled targeted integration of a defined number of copies of an expression plasmid with more predictable structures in the host genome, thereby avoiding the risk of introducing fusions from integrating partial copies of the expression plasmid or from the interface with the host genome.
Heavy chain extensions produced by splicing require transcript read through the downstream termination signal sequence, producing an extended transcript that is then spliced. It is possible that the strong promoter used in the heavy chain expression cassette may increase the frequency of transcripts reading through beyond the termination signal sequences. Extension products could be prevented by either increasing the level of transcript termination 37 or by reducing mis-splicing. Engineering of the DNA to remove the cryptic donor site at the end of the CH3 domain whilst maintaining the amino acid sequence was reported by Spahr et al. to prevent the formation C-terminal heavy chain extension products. 19 Although inclusion of introns in a transgene increases its expression level, at the same time the pre-mRNA splicing process is complex and not entirely predictable. Exons may contain exonic splicing enhancer and/or exonic splicing silencer and sequences that can affect the efficiency of splicing. 38, 39 In the intronic regions, mutations at the splice donor or acceptor sites can lead to intron retention with consequent gene inactivation, as reported for several oncogenes. 40, 41 For this reason, variant analysis is a crucial control check to ensure a high-quality final biopharmaceutical product is manufactured. Combining HTS of the producing cell line with MS and amino acid analyses of the product ensures comprehensive screening for sequence variants.
For mAb therapeutics, the impact of a sequence variant on potency, pharmacokinetics (PK) and patient safety largely depends on the location, the nature of the variant and the mechanism of action of the therapeutic. Mutations at the receptor binding sequence have been reported to have various degrees of positive or negative effects on receptor binding affinity. [42] [43] [44] Mutations in the Fc region can affect antibody PK, 45, 46 possibly by altering binding to the neonatal Fc receptor (FcRn) or protein structure. Sequence variants also pose potential patient safety concerns. Protein therapeutics with sequence variants, even single amino acid mutations, can potentially impact immunogenicity through misfolded protein toxicity, such as aggregation and interference with membranes. The risk increases with the increase in absolute protein concentration. 3, 47 Therefore, it is important to identify, characterize, and quantify any sequence variants to evaluate the impact on efficacy, PK, and risk to patients. For mAb-A, the potency of the monomer and the shoulder fractions was found to be comparable using a bioassay that is directly linked to mAb-A's mechanism of action (data not shown). Therefore, it can be concluded that this 11 kDa sequence variant should have no impact on the biological activity of mAb-A. Since the extension is found at the C-terminus of the heavy chain, a substantial distance from the FcRn binding site, it is therefore unlikely to affect PK. Furthermore, with the Fc extension being identified as the light chain constant region, the immunogenicity and safety risks are considered low. Currently, available Phase 1 and 2 data indicate that this molecule has a very low incidence of anti-drug antibodies and an acceptable safety profile (data not shown).
Our study demonstrates the value of combining MS analysis of the product with transcriptome and genome analysis of the manufacturing cell line to characterize therapeutic protein sequence variants and understand their potential causes. By deploying both MS and HTS tools early in the development process during clone selection, we can eliminate cell lines expressing low level sequence variants. Using the same tools to understand any genetic origin of these variants enables the development of strategies to improve the expression plasmid and cell line engineering to ensure the high quality of future drug candidates.
Materials and methods
Materials and reagents
Chemicals used to make the HPSEC mobile phases, including sodium phosphate dibasic anhydrous, sodium sulfate anhydrous, and sodium azide were obtained from Fluka (Thermo Fisher scientific). Chemicals used to make CE-SDS sample buffer were sodium phosphate monobasic, monohydrate from Sigma-Aldrich (Cat# 71504-1KG), sodium phosphate dibasic dihydrate from EMD (Cat# SX0713-3), and 10% sodium dodecyl sulfate from Thermo Fisher scientific (Cat# BP2436-200). For chemicals used to make the LC-MS mobile phases, water and acetonitrile were purchased from Honeywell (Thermo Fisher scientific); formic acid (FA) from Pierce Thermo Fisher Scientific (Cat# 28905) and trifluoroacetic acid (TFA) from Sigma-Aldrich (Cat# T6508-10AMP). Lys-C was a product of FUJIFILM Wako (Cat# 127-06621). Dithiothreitol (DTT) was obtained from Thermo Fisher Scientific (Cat# A39255).
HPSEC fractionation
For HPSEC fractionation, mAb-A was injected onto a TSKgel G3000SWxL column (7.8 mm x 30 cm; Tosoh Bioscience, King of Prussia, PA, USA) at ambient column temperature. The sample was eluted isocratically with a mobile phase composed of 0.1 M sodium phosphate, 0.1 M sodium sulfate, pH 6.8 at a flow rate of 1.0 mL/min. Fractions collected from multiple injections were pooled and concentrated prior to characterization and analysis.
Analytical HPSEC
The peak enrichment by fractionation was verified by analytical scale HPSEC analysis. Briefly, injection volume was adjusted to load 25 µg of each fraction onto a TSK-gel G3000SWxL column (7.8 mm x 30 cm; Tosoh Bioscience) at ambient column temperature. The sample was eluted isocratically with a mobile phase composed of 0.1 M sodium phosphate, 0.1 M sodium sulfate and 0.05% sodium azide, pH 6.8 at a flow rate of 1.0 mL/min. Eluted protein was detected using UV absorbance at 280 nm.
2D (HPSEC/RP)-LC/MS
The experiments were conducted on an ultra-high-performance LC system (Waters, Milford, MA, USA). The same HPSEC conditions described above were used for the 1D separation, and a six-port, two-position valve was used for heart cutting. The cuts were trapped in an AdvancBio Desalting-RP cartridge (2.1 × 12.5 mm; Agilent, Santa Clara, CA, USA) and subjected to 2D desalting with a 300 Diphenyl RRHD column (1.8 µm, 2.1 × 100 mm; Agilent) before MS analysis with a Xevo G2-SX quadrupole time-of-flight mass spectrometer (Waters).
Capillary gel electrophoresis (CE-SDS)
Capillary gel electrophoresis for mAb-A was performed by first diluting the antibody samples to 1.0 mg/mL in a 50 mM sodium phosphate pH 6.0 buffer containing 2% sodium dodecyl sulfate and 5% 2-mercaptoethanol (Sigma-Aldrich, Cat# M6250) for reducing analysis or 15 mM N-ethylmaleimide (Sigma-Aldrich, Cat# 04259-25G) for non-reducing analysis. Samples were denatured at 65°C for 10 min prior to CE-SDS analysis on a PA800 plus capillary electrophoresis system with photodiode array detection at 220 nm (Sciex, Framingham, MA, USA).
Intact mass analysis
Intact mass analysis was performed with a Waters SYNAPT G2-Si High Definition Mass Spectrometer in conjunction with a UPLC system (Waters). HPSEC fractions were injected directly for non-reducing intact mass analysis or reduced first by incubating with DTT for 30 min at room temperature for reducing intact mass analysis. For subunit intact mass analysis, HPSEC fractions were digested with FabRICATOR (IdeS) (Genovis, CAT#A0-FR8-020 Cambridge, MA) for 2 h at 37°C. The samples were desalted using reversed-phase chromatography on a BEH C4 column (2.1 mm × 50 mm; Waters), using a mobile phase A comprising of 0.1% FA and 0.01% TFA in water and a mobile phase B of 0.1% FA and 0.01% TFA in acetonitrile. Samples were eluted on a linear gradient, and mass spectra were collected at a range of 800-4,500 m/z. Molecular mass was determined by deconvolution of the mass data, using the MaxEnt I software package (Waters).
Peptide mapping analysis
The protein digestion method using Lys-C for non-reducing and reducing peptide mapping was based on that described by Zhang et al. 48 Digests of the sample were analyzed using a Fusion Orbitrap mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) connected with an AQUITY ultra-performance liquid chromatograph (UPLC; Waters). An AQUITY UPLC BEH300 C18 column (1.7 μm, 2.1 × 150 mm; Waters) was used for separation. The column temperature was held at 55°C. Mobile phase A was 0.02% TFA in water, and mobile phase B was 0.02% TFA in acetonitrile. Digested peptides were eluted from the column with a 0-35% linear gradient and the chromatographic profile was monitored by using UV absorbance at 220 nm and MS. MS data were processed by BiopharmaFinder 3.0 (Thermo Fisher Scientific).
RT-PCR
RNAeasy kit (Qiagen, Hilden, Germany, Cat# 74104) was used to extract total RNA. RT-PCR was performed using a Transcriptor One-step RT-PCR kit (Roche, Basel, Switzerland, Cat# 04655877001), with primers designed to bind to the CH3 of the heavy chain, and polyA of the light chain gene. PCR products were purified with a PCR purification kit (Qiagen, Hilden, Germany, Cat# 28104) and Sangersequenced.
MinION sequencing and bioinformatic analysis
Genomic DNA was extracted from cells using PureLink Genomic DNA Mini Kit (Thermo Fisher Scientific, Cat#K182001). 1.5 µg DNA was sheared using a G-tube (Covaris, Woburn, MA, USA, Cat# 520079) at 6000 RPM to generate fragments of~8 kb. DNA was sequenced using a MinION instrument (Oxford Nanopore, Oxford, UK) using the 1D sequencing by ligation method, generating 915698 reads covering~6035 megabases (approximately 2.3-fold genome coverage). The reads were then compared against the linear plasmid sequence using blastn 49 using parameters suitable for nanopore data 50 "blastn -reward 5 -penalty −4 -gapopen 8 -gapextend 6 -dust no". Two reads had significant hits over their full length and were further analyzed.
RNA-seq library preparation and bioinformatic analysis
RNA was extracted from cells using RNeasy kit (Qiagen, Hilden, Germany) and RNA quality confirmed on a Bioanalyzer 2100 (Agilent Technologies) using the RNA 6000 Nano assay. Ribosomal RNA was removed using Ribozero Gold mouse kit (Illumina, San Diego, CA, USA), and the library prepared using a TruSeq stranded kit. Sequencing was performed using Illumina HiSeq 4000 with 2 x 75bp configuration.
Trim Galore (http://www.bioinformatics.babraham.ac.uk/pro jects/trim_galore/), version 0.5.0, with default parameters were used to trim PCR and sequencing adapters. Trimmed reads were aligned to the Ensembl, 51 version 93, Chinese hamster CHO-K1GS genome by using STAR, 52 version 2.6.1a, with parameters "-sjdbOverhang 74 -outSAMstrandField intronMotif -outFilter MultimapNmax 20 -alignSJoverhangMin 8 -alignSJDB overhangMin 1 -outSAMtype BAM SortedByCoordinate -outSAMattrIHstart 0 -outReadsUnmapped Fastx". Reads not properly mapped to the Chinese hamster CHO-K1GS genome were used for a de novo transcriptome assembly, by using rnaSPAdes, 53 version 3.12.0, with parameters "-ss-rf". Salmon, 54 version 0.11.3, with parameters "-libType Avalidate Mappings -rangeFactorizationBins 4 -numBootstraps 30 -seqBias -gcBias" was used for transcript quantification. Salmon index used as reference the Ensembl, 51 version 93, transcriptome with three extra transcripts: the aberrant heavy chain and the canonical mAb-A heavy chain and light chain transcripts; it was made by using the parameters "-type quasi -k 31".
